, but freshly applied P may penetrate only a thin layer Because plant absorption of P depends on the desorption of P around soil aggregates (Gunary et al., 1964; Linquist et from soil, understanding P desorption from soils may improve the precision of P diagnosis and fertilization recommendations. Many al., 1997), suggesting that larger soil aggregates with soils with high P retention due to high levels of Fe and Al are also
ods. Leaching soil columns also permitted the removal of desorbed P with time, which simulates nutrient re-A ccurate assessment of P availability in soils is bemoval by plant uptake more closely than batch equilicoming increasingly important from perspectives bration. of sustainability of agriculture and protecting the envi-
The objectives of this study were (i) to investigate ronment. Although influences of soil chemical properthe effect of aggregate size on P availability as measured ties on P release from soils and uptake by plants are by extractable P and P desorption from different soils well documented, prediction of P requirements remains and (ii) to test the hypothesis that increased aggregation imprecise (Chen et al., 1997) . For example, Cassman et increases P uptake by plants through decreased sorption al. (1993) found that the application of 100 kg P ha Ϫ1 of applied P. to an Ultisol produced the maximum yield of soybean, although the recommended P application rate, based MATERIALS AND METHODS on the Fox and Kamprath method (Fox and Kamprath, Soils 1970) , was more than 500 kg P ha Ϫ1 (Cassman et al., 1981) . One possible solution to such imprecision is a Two Oxisols (Kapaa and Wahiawa series) and an Ultisol (Leilehua series) from Hawaii were selected for this study.
better understanding of the processes controlling P sorp-Selected properties of the soils and P rate for each soil are tion and desorption from soils, particularly high P sorbpresented in Table 1. ing soils. Evidence shows that soil aggregate size influ-Eight aggregate-size fractions were obtained from the Wahences P sorption and bioavailability (Wiersum, 1962;  iawa and Kapaa soils by dry-sieving to obtain sizes of Ͻ 0.053, Gunary et al., 1964; Cornforth, 1968; Misra et al., 1988;  0.053 to 0.125, 0.125 to 0.25, 0.25 to 0.5, 0.5 to 1, 1 to 2, 2 to Linquist et al., 1997) . Nutrient uptake from small aggre-4, and 4 to 6 mm. The target P concentrations (1.6 mg P L Ϫ1 ) gates often is greater than that from large aggregates in solution for the Wahiawa and Kapaa soils were maintained from 1971 to 1989 (Rajbhandari, 1991 , and 0.5 M NaHCO 3extractable P in these soils was very high (Table 1) . For the 
Leilehua soil, replicated mixtures of equal amounts of five
At the completion of leaching, the samples were air-dried and separated into the original size fractions. The aggregate aggregate fractions (Ͻ0.5, 0.5-1, 1-2, 2-4, and 4-6 mm) were enriched with 800 mg P kg Ϫ1 [Ca(H 2 PO 4 ) 2 · H 2 O] due to very recoveries, the ratio of the weight of each aggregate fraction after dry sieving to the initial weight, were calculated. low extractable P content (no P fertilization was recorded when the sample was taken), and equilibrated in plastic bags. The mixtures were exposed to air and put through wetting
Kinetic Curves
and drying cycles for 180 d at 25 Ϯ 2ЊC. The soil samples were Kinetic curves of P desorption from the soil samples were rewetted to the estimated field capacity with deionized water obtained by plotting the amount of cumulative desorbed P vs. when the samples had dried. Then, the mixture was separated pore volume, where the pore volume is the volume of water into the original size aggregates and changes in aggregate per unit area held in the wetted soil pores of the column distribution were measured. Phosphorus in different aggregate during transport (Jury et al., 1991) . One pore volume is equal fractions and bulk soils was extracted with 0.5 M NaHCO 3 to L where L is the length of the soil column and is the (Olsen et al., 1954) and determined with the ammonium movolumetric water content. The means and standard error (SE) lybdate reagent with ascorbic acid according to the Watanabe for all samples were 4.0 Ϯ 0.16 cm, 64.8 Ϯ 5.7% for both L and Olsen (1965) modification of the Murphy and Riley and , respectively. The parabolic diffusion (Vig and Dev, (1962) procedures. 1979) , power function (Kuo and Lotse, 1974) , simple Elovich (Chien and Clayton, 1980) , and expanded Elovich equations Phosphorus Desorption (Polyzopoulos et al., 1986; Raven and Hossner, 1994) were The influence of aggregate size on P desorption was deterevaluated for their ability to fit P desorption data with pore mined by leaching soil columns containing the various-sized volume data (Table 2) . Graphical, linear, and nonlinear regresaggregates. Aggregate fractions were Ͻ0.5, 1 to 2, 4 to 6 mm, sion procedures with S-PLUS version 3.3 (Statistical Science, and sieved bulk soil for the Leilehua soil. The bulk soil was 1995) were used. Goodness of fit of the kinetic equations to sieved through a 2-mm screen such that aggregates larger than the data was evaluated with the coefficient of determination 2 mm were destroyed. Hereafter the bulk soil refers to the (r 2 ) and SE. The first-and second-order equations were not 2-mm sieved soil as described above. The aggregate fractions considered because preliminary graphical tests (data not were 0.053 to 0.125, 0.5 to 1, 4 to 6 mm, and bulk soil for the shown) indicated that these equations did not adequately de-Wahiawa soil and 0.125 to 0.25, 1 to 2, 4 to 6 mm, and bulk scribe the P desorption data. soil for the Kapaa soil. A preliminary experiment showed that P desorption from the 10-g soil column was not significantly Pot Experiment different from a 50-g soil column at a probability level of 0.05 (data not shown). Thus, 10 g of each sample were uniformly A pot experiment was conducted in the greenhouse to determine the effect of aggregate size on P uptake by lettuce and packed into a 20-mL syringe with acid-washed quartz sand at both ends. Whatman no. 42 filter paper was used to separate soybean in the Leilehua soil. These two crops were selected because they have different rooting characteristics. This soil the soil in the column from the sand. The soil columns were then saturated with 0.001 M CaCl 2 from the bottom in a vac-was the same as the Leilehua soil used for P desorption except the sample for P sorption was enriched with P. The experimen-uum. A constant solution flux of 0.001 M CaCl 2 through the vertical column was maintained with a peristaltic pump. The tal design was a randomized block with three replications for each crop, with five P rates (0, 62.5, 125, 250, and 500 mg P leachate rate was maintained at 2.3 ϫ 10 Ϫ5 m s Ϫ1 (or 7.2 ϫ 10 Ϫ5 mL s Ϫ1 ). The leachate was collected at 25-min intervals kg Ϫ1 soil), three aggregate sizes (Ͻ0.5, 0.5-2, and 2-6 mm), and bulk soil passing a 2 mm sieve. The P-deficient Leilehua for 2 to 6 wk and solution P was determined by the phosphomolybdate method (Watanabe and Olsen, 1965) . Cumulative soil was first separated into aggregates with sizes of Ͻ0.5, 0.5 to 2, and 2 to 6 mm. The initial 0.5 M NaHCO 3 -extractable desorbed P was then calculated from P concentration and volume of the effluent. The experiment was replicated two P in aggregate fractions ranged from 1 to 1.8 mg P kg Ϫ1 . The samples were treated with 2000 mg kg Ϫ1 CaCO 3 to raise the times. Phosphorus desorption was accomplished one soil and one replication at a time. At the same time, another sample pH to 5.5 Ϯ 0.1. Each fraction of aggregates and the bulk soil were then equilibrated with 0, 62.5, 125, 250, and 500 mg P for each treatment was used to determine 0.5 M NaHCO 3 -P.
In order to quantify the individual effects of aggregate size kg Ϫ1 soil (P applied as monobasic calcium phosphate) 4 wk before planting. After incubation, the soil samples (500 g and the initial extractable P level on P desorption, P was applied at 800 mg P kg Ϫ1 to each of the aggregate fractions pot Ϫ1 ) were mixed with vermiculite (1:1 by volume) to minimize differences in water holding capacity due to differing of the Leilehua soil, and incubated for 28 d. Aggregate size fractions were Ͻ0.5, 0.5 to 1, 2 to 4, and 4 to 6 mm and sized aggregates. The water content was maintained at field capacity throughout the experiment. Seeds of lettuce and soy-contained similar levels of extractable P (1.76, 1.84, 1.52, and 1.58 mg P kg Ϫ1 , respectively) prior to P addition. After incuba-bean were directly planted in the aggregate-vermiculite mixture. The seedlings were thinned to five per pot after germina-tion for 28 d, P was desorbed from the individual aggregate fractions in the columns described above.
tion. The lettuce and soybean plants were harvested 30 and 32 d after planting, respectively. The 0.5 M NaHCO 3 -P (Olsen et al., 1954) of each aggregate-size class after fertilization was determined before planting and after harvest. The difference in extractable P between before planting and after planting (Delta P) was calculated.
Roots that could be easily separated from soil by hand were collected and cleaned with water. Plant shoots and roots were oven-dried at 70ЊC and weighed. Plant shoots were ground, and duplicate samples of 0.2000 g were dry-ashed in a muffle furnace at 500ЊC for 4 h. The ash was dissolved in 0.1 M HCl. Phosphorus concentrations in ashed samples were determined by the phosphomolybdate method (Murphy and Riley, 1962) .
Statistical Analysis
Analysis of variance tables for P uptake and dry weight of roots were constructed. Phosphorus rate and aggregate size gregates was consistently greater than from large aggre-
The relationship between Delta P and the total P in shoots gates (Fig. 2 ). The lower P desorption from larger agwas fitted using a linear regression model.
gregates may be attributed to the decreased accessibility of leaching solution to sorption sites within aggregates, increased diffusion distance, or less initial extractable
RESULTS AND DISCUSSION
P. The results may explain the observations of Wiersum (1962), Cornforth (1968) , and Misra et al. (1988) that Phosphorus Desorption from Different Soils P uptake by a plant grown in soil with small aggregates Differences in P desorption among the three soils was greater than by a plant grown in soil having large agwere much greater than differences in 0.5 M NaHCO 3gregates. extractable P (Fig. 1 
and extractable P data inserted in
The relative differences in P release from different Fig. 1 ). For example, the cumulative desorbed P at 1000 aggregate fractions of the Wahiawa soil were small compore volumes was 25, 125, and 275 mg P kg Ϫ1 for the pared with those from the Kapaa and Leilehua soils (Fig.  Leilehua , Kapaa, and Wahiawa soils, respectively, while 2). One of the reasons was the difference in extractable P the initial 0.5 M NaHCO 3 -extractable P contents in the among aggregate fractions. Phosphorus extracted with corresponding soils were 198, 204, and 283 mg P kg Ϫ1 . 0.5 M NaHCO 3 from the small aggregate fractions was The P concentration in 0.001 M CaCl 2 leachate of the much greater than that from the large aggregate frac-Wahiawa soil was Ͼ2 mg P L Ϫ1 at the beginning of tions of the Kapaa and Leilehua soils, while there were leaching; in contrast, the initial P in the leachate of the almost no differences in the extractable P among aggre-Leilehua soil was Ͻ0.1 mg P L Ϫ1 (data not shown). The gate fractions in the Wahiawa soil (data not shown). rate of P desorption, however, decreased as P desorption
Another reason for differences among the soils may proceeded for the Wahiawa soil, while the rate for the be related to the breakup of large aggregates during Leilehua soil showed little change with increasing pore leaching, which may have increased P release from large volumes of leachate (Fig. 1) . Nevertheless, the rate of aggregates by exposing more sorption sites inside the desorption remained much greater from the Wahiawa aggregates to solution. Some large aggregates (4-6 mm) of the Wahiawa soil broke into smaller aggregates dur-soil. 3). The higher initial solution P in leachates indicates less P sorbed by the large aggregates during the incubation period. The decreased P retention with increased aggregate size is consistent with the finding that initial gates initially was greater than that from small aggre-4 to 6 mm, and bulk soil were 0.78, 0.50, 0.59, and 0.59 for the Kapaa soil. The values for aggregate sizes Ͻ0.5, 1 to 2, 4 to 6 mm, gates, but with time became less than that from the and bulk soil were 0.19, 0.13, 0.18, and 0.09 for the Leilehua soil.
small aggregates (Fig. 3) . This may reflect a lack of accessibility of reactive sites within aggregates by P. The ing leaching. At the completion of leaching, the entire ratio of directly accessible reactive sites represented by dried sample of the 4-to 6-mm aggregate fraction of the sample outer surface area in relation to the sample the Wahiawa soil passed a 2-mm sieve and 19% of the mass increases with decreased aggregate diameter assample passed a 1-mm sieve. For the other soils with suming a spherical aggregate size (Table 3) . Thus, more strong aggregation, however, aggregate recoveries ex-P release will be expected from small aggregates if P ceeded 92%. contents in differing aggregate fractions are the same.
Phosphorus Desorption from Separated, Comparison of Kinetic Models Phosphorus-Enriched Aggregates
Goodness of fit of the kinetic equations to the data In the above section, the effects of aggregate size was evaluated with the coefficient of determination (r 2 ) and extractable P level in the aggregate fraction on P desorption were not distinguishable. In the following phorus desorption from large aggregates (4-6 mm) in † Diameter of each aggregate fraction was calculated on a volumethis case was greater than that from small aggregates weighted basis using equation (Addiscott et al., 1983 ). ‡ Outer surface was calculated by weighted mean diameter.
(Ͻ0.5 mm) at the beginning of leaching treatment (Fig. and SE (Table 4 ). Conformity of P desorption data to including bulk and surface diffusion (Sparks, 1986; Allen et al., 1995) . In addition, its simplicity makes it attractive the parabolic diffusion equation suggested that P release from the soil may be consistent with diffusion-controlled for descriptive purposes and for use in combination with more complex equations, where mechanistic P desorp-transport processes, probably with the rate-limiting step being the movement of P through a diffusion layer to tion equations are not available or too complex (Raven and Hossner, 1994) . the leaching solution. This diffusion layer is probably the unstirred water film surrounding outer aggregate surfaces or water films on surfaces within the aggregate
Effects of Aggregate Size on Phosphorus Supply
itself. In view of the low SE of the power function, it in the Leilehua Soil seems to be an improvement over the parabolic equa-
The total P content of soybean and lettuce shoots, tion, except for the Wahiawa soil and its aggregate root dry weights, and the root/shoot ratios were signififractions.
cantly influenced by aggregate size and P additions (Ta-The simple Elovich equation provided the poorest fit ble 5). There were interactions between P addition and among the four equations evaluated in describing P aggregate size for the total P content in soybean shoots, desorption. With the expanded form of the Elovich the roots of lettuce, and the root/shoot ratio for both equation, the description of P desorption from the soil soybean and lettuce. and aggregate fractions improved dramatically (Table  4 ). The superiority of the expanded Elovich equation Total Phosphorus in Shoots over the simplified equation in describing P desorption has been documented elsewhere (Polyzopoulos et al., The total P content in soybean and lettuce shoots of plants grown in large aggregates (2-6 mm) was greater 1986; Raven and Hossner, 1994) . In contrast to the simple Elovich equation, the expanded form of this equa-than that in plants grown in small aggregates (Ͻ0.5 mm) ( Fig. 4) . Shoot dry weight showed roughly the same tion mathematically allows for more flexibility in the curvature of the kinetic equation. This equation has trends as the P content (data not shown), so only P content is discussed here. These results were consistent been used previously to describe many kinetic processes with the greater decrease in 0.5 M NaHCO 3 -extractable P recovered from large aggregates at harvest than from With increased leaching, however, a greater decrease small aggregates. The difference in the soil extractable in P desorption rate was observed from large aggregates P before planting and after harvesting was calculated than from small aggregates ( Fig. 3 ). This suggested that and the relationships between the total P in shoots and P uptake by plants would be reduced from large aggrethe difference in the extractable P are shown in Fig. 5 .
gates after most of easily desorbed P is removed. With Phosphorus uptake was correlated with the decrease in depletion of P around the aggregates, P diffusion from extractable P. The change in the extractable P, however, the inside of the aggregates to the outside, and the was a better predictor of P in soybean shoots than in accessibility of roots to P within the aggregates, could lettuce shoots. Continuous sorption of the added P by become important influences on P supply. soil during the plant growth period in addition to plant uptake probably also contributed to the decrease in Root Growth and Ratio of Root to Shoot extractable P. In addition, the effects of aggregate size Dry weights of roots grown in the small aggregate on the P content in soybean shoots were dependent on fraction (Ͻ0.5 mm) were less than those of plants grown P additions because there were significant interactions in the large aggregate fraction (2-6 mm) for both soybetween aggregate size and P rate ( Table 5 ). The differbean and lettuce for all but the zero P treatment for ence in P content in soybean shoots between the 2-to soybean (Fig. 6) . The ratios of root to shoot for both 6-mm aggregate fraction and the Ͻ 0.5 mm aggregate soybean and lettuce decreased with aggregate size and fraction became greater with increased P rates (Fig. 4a) . P rate (Fig. 7) . The decreased ratio with increased P The greater total P in plant shoots grown in the large rate is consistent with the finding that the ratio decreases aggregate fraction corresponded with the greater initial with increased P availability (Cassman et al., 1980) . rate of P release from this fraction in the column leach-The greater root growth of plants growing in large ing study. Phosphorus retention was reduced in large aggregates may be attributed to several factors. In this aggregates (Linquist et al., 1997; Wang, 1997 ) and, congreenhouse experiment, P was added to separated agsequently, more P remained in solution. Thus, more gregate fractions, and available P in the larger aggrerecently added P was available to plants from large aggregates.
gates was greater than in the smaller aggregates. This suggests that greater P availability in treatments with larger aggregate fraction increased root growth. This Fox and Kamprath method, was more than 500 kg P hypothesis was further supported by the root/shoot raha Ϫ1 (Cassman et al., 1981) . tios for both soybean and lettuce, which decreased with Some highly weathered soils such as the Wahiawa increased aggregate sizes. Cassman et al. (1980) also with a smaller geometric mean diameter (GMD) did not observed a decrease in the root/shoot ratio for soybean exhibit the strong effects of aggregation on P sorption. with increasing P supply. Therefore, the higher root/ Tentatively, GMD may be a way to quantify this effect, shoot ratios for both soybean and lettuce in the smallest although one sample of three soils was too few to conaggregate fraction treatment (Ͻ0.5 mm) strongly sugfirm GMD as a measure. gest that soybean and lettuce were more P-deficient in The reduced P retention and increased P release with these treatments than in those with larger aggregate increased aggregate size suggests that P buffer coeffifractions.
cients would be better estimated by including aggregate size. For soils with a wide range of mineralogical compo-CONCLUSIONS sition but relatively high clay contents, P buffer coeffi-Our results suggest that soil P extraction procedures cients were more accurately predicted by including the that destroy soil aggregates during extraction may oversoil P sorption site density and reactive mass (a fraction estimate P fertilizer requirements by exposing P sorpof the total soil mass in the surface aggregates where tion sites that would otherwise be excluded from the newly added P can be sorbed) (Wang et al., 2000) . Thus, leaching solution. For example, the P requirement to considerations of the aggregate effects may improve the attain a solution P of 0.03 mg P L Ϫ1 using the Fox and relationship between extractable P, P supply, and crop Kamprath method (Fox and Kamprath, 1970) was 100 yield and eventually improve the precision of P diagnomg P kg Ϫ1 greater than the P requirement estimated sis and recommendation on well-aggregated soils. while preserving natural aggregates of the Haiku soil (Linquist et al., 1997) . This is reflected by field results
